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In the 20 years since the discovery
that many eukaryotic genes are
interrupted by non-coding
intervening sequences, or introns,
biologists have learnt a tremendous
amount about the nuclear
machinery that removes these
introns from precursor gene
transcripts before they are translated
into proteins. This nuclear
machinery must recognize the
introns in the mRNA transcripts and
then excise them by means of
mRNA splicing. Short conserved
sequences at the ends of introns —
splice sites — are crucial for intron
recognition and for the accuracy of
the splicing reactions. In the 1980s
the development of biochemical
systems for splicing mRNA
precursors allowed the splicing
machinery to be dissected 
and analysed.
Splicing occurs in spliceosomes,
large particles which are built up
stepwise on the mRNA precursor
from smaller RNA–protein
sub-assemblies called snRNPs
(small nuclear ribonucleoprotein
particles). Each of the snRNPs that
makes up the spliceosome contains
a small nuclear RNA (snRNA) and a
common set of snRNP proteins,
plus up to ten additional
snRNP-specific proteins. A
spliceosome is therefore composed
of dozens of proteins in addition to
the five spliceosomal snRNAs (the
U1, U2, U4, U5 and U6 snRNAs), so
that spliceosomes rival ribosomes in
size and complexity.
Energy from the hydrolysis of
ATP is required at several points
during the formation and operation
of the spliceosome. But although
the spliceosome uses ATP as fuel,
the actual chemical mechanism of
mRNA splicing consists of two
successive trans-esterification
reactions, which do not themselves
involve ATP hydrolysis (see
Figure 1). Interestingly, a similar
reaction scheme is used by a
widespread class of highly
structured so-called ‘autocatalytic
introns’ — group II introns — which
can self-splice without ATP
hydrolysis or any trans-acting
factors. This begs the questions:
what are all those spliceosomal RNA
and protein components doing; and
why do spliceosomes require energy
input from ATP? There is still much
detail to unravel but the answers 
to these questions are beginning 
to emerge. 
Molecular motors
The network of interactions
between the snRNAs and the
substrate is radically remodelled as
the spliceosome is assembled and
activated (see blue box). How are
these rearrangements driven and
orchestrated? Over the past few
years biochemical purification of
snRNPs and spliceosomes, and
sequencing of the protein
components, has led to the isolation
of the genes or cDNAs that encode
many of the splicing factors. Other
spliceosome components have been
identified by genetic approaches in
yeast, and in many cases there are
clear homologues in the yeast and
mammalian systems. For some of
these splicing factors the presence
of specific sequence motifs provides
clues to potential functions.
Several splicing factors have
attracted particular attention
because they include motifs present
in ATP-powered RNA helicases,
which are known to modify RNA
structure in other multi-component
systems such as the translation
machinery. Recently, three of these
helicase-like factors (Prp16 and
Prp22 in yeast, and the 200 kDa U5
snRNP protein in mammals) have
been shown to have ATP-dependent
RNA unwinding activity. So far
these factors have not been
definitively linked to any particular
spliceosomal rearrangement;
substrate specificity may be
determined by their local
environment in the spliceosome. In
any case the activity of these
ATP-dependent helicases explains,
at least in part, the requirement for
ATP hydrolysis in spliceosomes.
Intriguingly, a recently identified
spliceosomal protein that is a
component of the U5 snRNP turns
out to be highly homologous to
EF-2, a component of the
translation machinery, and like its
ribosomal counterpart the
spliceosomal protein is a GTPase.
EF-2 is thought to couple GTP
hydrolysis to the movement of
peptidyl-tRNA during translation.
The U5 snRNP GTPase might
function in a similar way, perhaps to
force some rearrangement or
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Figure 1
Splicing of mRNA precursors involves two
successive trans-esterification reactions. In
the first reaction (1) the 2′OH of a specific
adenosine (red) at the branch site near the 3′
end of the intron attacks the 5′ splice site
(blue). This reaction releases the 5′ exon
(green; with a 3′ OH terminus) and leaves
the 5′ end of the intron (blue) joined by a 2′—
5′ phosphodiester bond to the the branch
site adenosine (red); this intron—3′ exon
intermediate is therefore in the form of a
lariat. In the second reaction (2) the 3′ OH of
the 5′ exon intermediate (green) attacks the
3′ splice site, producing the spliced mRNA
and lariat-shaped intron products.
5′ exon 3′ exon Intron
Intron
Lariat
structure
Spliced mRNA
Current Biology   
GU AG
AG
A
A
2
5′ splice site Branch site
3′ OHUG
1
AGA
U
G
translocation of substrate sequences
in the spliceosome.
Splice site recognition
It is axiomatic that mRNA splicing
needs to be accurate and reliable;
errors would produce mutated or
truncated proteins, which could have
catastrophic biological effects. In
yeast the splice sites and branch site
are highly conserved, and
recognition of these signals might be
sufficient to determine
unambiguously the intron–exon
boundaries. In most introns in higher
eukaryotes, however, the equivalent
sequences are typically quite
degenerate; only the GU and AG
dinucleotides at the intron termini
are invariant. These sequences alone
are clearly not sufficient to
determine the intron boundaries but
sequence analysis has identifed other
sources of information in mRNA
precursor sequences, such as
different base composition, which
might allow introns and exons to be
distinguished. Also, there is
compelling evidence for direct
interactions between spliceosome
components and proteins involved in
5′ cap formation and 3′
polyadenylation, so the signals which
determine these other RNA
processing steps might also influence
splicing patterns. 
A class of proteins called SR
proteins, which contain RS domains
(regions rich in arginine–serine
dipeptides) together with
RNA-binding domains, have critical
roles in intron–exon definition in
higher eukaryotes. They have been
shown to recruit U1 snRNP to 5′
splice sites via specific
protein–protein contacts with the U1
snRNP proteins. Other SR proteins
form a network of RNA–protein and
protein–protein interactions, which
stabilises factors bound near the 5′
and 3′ splice sites. This bridging
function plays a crucial part in early
spliceosome formation and helps to
define intron–exon boundaries. SR
proteins also have fundamental roles
in alternative splicing in higher
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During mRNA splicing in the
spliceosome, protein factors and short
conserved RNA sequences in the
spliceosomal snRNAs collaborate to
identify the intron 5′ splice site and the
branch site. The branch site is a specific
adenosine residue near the 3′ end of the
intron that provides the 2′ OH nucleophile
for the first trans-esterification reaction.
The 5′ splice site base-pairs with U1
snRNA early in spliceosome assembly
and the branch site interacts with an
invariant sequence in U2 snRNA. Base-
pairing between U2 and the branch site
bulges the branch site adenosine out of
the helix (see Figure 2a). When U6
snRNA enters the spliceosome, it is
extensively base-paired with U4 snRNA in
the form of a U4–U6⋅U5 tri-snRNP
particle. Before the first catalytic step the
U4–U6 interaction is disrupted and an
invariant motif in U6 supplants U1 snRNA
at the 5′ splice site (see Figure 2c). A
specific base-pairing interaction between
U2 and U6 snRNAs (helix I; see Figure
2c) then juxtaposes the branch site
adenosine and its 5′ splice site target.
The U2–U6 sequences in the vicinity of
helix I are some of the most conserved in
the spliceosome and mutation of several
of these nucleotides can block the first or
second catalytic step of splicing,
suggesting that these sequences perhaps
form part of the spliceosome’s active
core. Meanwhile, U5 snRNP holds onto
the 5′ exon intermediate, which has been
cut free, and the spliceosome is
reconfigured, in a way that is still poorly
understood, to bring the 3′ splice site into
the catalytic core and align the exons for
the second catalytic step.
RNA networking
Figure 2
(a) Before the first trans-esterification, U1 snRNA and U2 snRNA base-pair to the 5′ splice
site and intron branch site (red A), respectively. U4 and U6 snRNAs are base-paired
together in a tri-snRNP particle with U5. (b) The loop sequence in U5 snRNA contacts the
5′ exon in the mRNA precursor. (c) The first trans-esterification. The U4–U6 interaction has
been disrupted and U6 interacts with both U2 snRNA and the 5′ splice site, while U5
maintains contact with the 5′ exon. (d) The second trans-esterification. The network of
interactions is reconfigured to juxtapose the 3′OH of the 5′ exon with the 3′ splice site, and
U5 snRNA contacts both exons. (Adapted, with permission, from Nilsen TW in RNA
Structure and Function, Cold Spring Harbor Press 1998.)
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eukaryotes, typically by interaction
with exonic splicing ‘enhancer’
sequences and by networking with
factors bound to nearby splice sites
to modulate splice site choice.
A new type of spliceosome
One of the most surprising and
significant findings in recent years is
the discovery of a new and distinct
type of spliceosome in higher
eukaryotes. Explosive growth in the
amount of genomic sequence in
databases has uncovered rare introns
with non-consensus splice sites.
These introns have characteristic,
tightly conserved splice sites and
branch site sequences that are quite
distinct from those recognised by the
conventional splicing machinery.
They are processed by a novel
spliceosome assembled from
unusual, low-abundance snRNAs,
which are functionally analogous to
U1, U2, U4 and U6 snRNAs.
Curiously, the novel spliceosomes
contain U5 snRNA in common with
conventional spliceosomes.
Splicing in these novel
spliceosomes proceeds by the usual
two-step trans-esterification
pathway. The rare intron 5′ splice
site and branch site sequences base-
pair with U11 and U12 snRNAs
(instead of the U1 and U2 snRNAs
as they do in the conventional U2
spliceosomes) and novel U4-like
and U6-like snRNAs substitute for
conventional U4 and U6.
Interestingly, although the novel
U4 and U6 snRNAs are not
extensively similar in sequence to
their conventional counterparts, they
form a base-paired complex just like
U4–U6 and almost certainly
dissociate in the assembled U12
spliceosome. Furthermore,
comparison of conventional U6 with
its novel spliceosome counterpart
shows that there are clear patches of
sequence identity which correspond
precisely to those nucleotides shown
to be critical for U6 function in
conventional spliceosomes.
In addition, the novel U6 snRNA
can interact with U12 snRNA to form
a base-paired structure similar to
U2–U6 helix I. So, it looks as if the
pattern of snRNA interactions in the
U12 spliceosome is strikingly similar
to that in the conventional U2
spliceosome, even though many of
the RNA sequences are quite
different. This implies that the two
types of spliceosome function in
similar ways and it strongly supports
the current picture of snRNA
interactions in U2 spliceosomes (see
blue box). At present little is known
about the identities of the protein
components of U12 spliceosomes,
but it will be interesting to compare
these with their conventional U2
spliceosome counterparts.
Catalysis by RNA?
One of the major unanswered
questions about spliceosome
function concerns the nature of the
catalytic core of the machinery. Are
the reactions catalyzed by RNA or by
protein, or perhaps both? There is a
great deal of biochemical and
mutational evidence implicating
snRNA sequences — in particular,
highly conserved regions of U2 and
U6 in conventional spliceosomes —
in the trans-esterification reactions,
but no definitive proof that they
contribute to the active site. In fact,
it is not clear whether the
spliceosome has one active site
(which would, perhaps, be
remodelled between the first and
second reaction) or two sites, one for
each of the chemical steps.
It has recently been shown that
the spliceosome catalyses 5′ splice
site cleavage via a divalent metal
ion-dependent pathway, which
would be consistent with RNA
catalysis but by no means excludes
other possibilities. Unraveling the
contributions of the RNA and
protein components of the
machinery to the catalysis of splicing
is clearly going to occupy molecular
biologists for some time.
Accurate structural analysis of the
spliceosome is still in its infancy but
is going to be essential if splicing is
to be understood in detail. The
complexity and dynamic nature of
the machinery will pose a major
challenge for structural biologists in
the next few years.
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